In this paper, a thermally actuated medical stent and staple using shape memory alloy (SMA) are designed, numerically analysed, and compared to similarly designed stents and staples made of 316L stainless steel and Co-Cr alloy. The numerical analysis was carried out using finite element method. A consistent 3D model is used to investigate the effect of materials on the performance of the stent and staple. This study takes into account the interaction between the stent/staple and the in vivo environment, by modelling the in vivo environment forces. The results are in good agreement with those reported in the literature. According to the results, it can be concluded that when these three commercially available materials undergo an external force, SMA yields much better results in terms of maximum displacement under the same amount of stress. Especially when undergoing large loads, the SMA produces considerably more displacement than 316L stainless steel and Co-Cr, which suggests that using SMA is a promising path to make biomedical stents and staples.
Introduction
Shape memory alloy (SMA) is a smart material that was first discovered by Ölander [1] , and has the ability to memorise shapes [2] . A nickel-titanium alloy, also known as Nitinol, is a biocompatible SMA material with interesting mechanical and other properties [3] . Applications of Nitinol are including, but not limited to, bio-applications [4] [5] [6] [7] [8] . SMAs can return to their memorised shape when heated to a certain degree. The cold and hot states are martensite and austenite phases, respectively. In the martensite state, the SMA can undergo deformation if an external load is applied. As the SMA is heated and reaches the austenite-martensite phase transition temperature, the phase transformation completes and the SMA returns to its memorised shape ( Figure 1 ) [9, 10] . Among the many commercialised biocompatible alloys, SMAs with the ability to memorise shapes, having great damping properties and superelasticity which make them unique among all the other biocompatible alloys, are used for surgical applications. These properties can result in a self-expanding, self-locking and selfcompressing implant [6] . Figure 1 Crystal transformation of SMA. The alloy was deformed in the martensite phase and after heating it reaches the austenite-martensite phase transition temperature, during which, the transformation completes and the SMA returns to its trained shape (see online version for colours)
An implantable metallic cylinder, known as a stent, is used to treat the occlusion (blockage) or stenosis (narrowing) of a blood vessel or heart valve. The procedure includes guiding a thin wire through the artery, and monitoring it using X-ray imaging, until it reaches the blockage area. A balloon and a catheter are inserted into the artery to the blockage area. The balloon is then inflated to open the blocked vessel. However, owing to the elasticity of the vessel wall, it might recoil again. To answer this problem, a stent is inserted into the vessel to support the wall of the vessel. Traditionally, metallic stents such as stainless steel were used. However, owing to the interesting mechanical and other properties of the Nitinol stent, it is attracting more and more interests and its applications are increasing [11, 12] . Medical staples are used to accelerate the healing process of bone fractures and injured tissues, using the thermo-mechanical memory properties and the SMA implants have no negative effect on bone formation [5, 12] .
Device principle
Schematic view of the proposed medical SMA stent is shown in Figure 2 (a). The SMA stent is radially compressed and implanted into the vessel at its martensitic state. After the SMA stent is implanted into the body, its temperature increases until it reaches the austenite-martensite phase transition temperature (37°C) where it expands radially toward its memorised shape. The memorised shape of the SMA stent can differ in size of its radius, depending on its application. Schematic view of the proposed SMA staple is shown in Figure 2 (b). The SMA staple, in its deformed shape, is placed at the region where the fractured bone or injured tissue needs to be rebuilt. As the heat increases, the SMA reaches the phase transition temperature (37°C), where it starts compressing the separated parts of the bone or the injured tissue. If the phase transition temperature of the SMA staple is above the body temperature the heating process can be performed by an external heating source [13] . The force which is produced by the phase transition will accelerate the healing process, reducing the time of recovery.
To take into account the interaction between the implanted stent/staple and the in vivo environment, the forces originating from the in vivo environment are modelled in the numerical analysis by the forces shown in Figure 2 (a) and (b). This is further explained in the Method section.
Method
Finite element method (solid mechanics module of "COMSOL Multiphysics® 4.3 b") is employed in order to the carry out the numerical analysis. To have a comparative study on the performance of the stent and staple with various materials, a consistent 3D model is used throughout the numerical analysis, as shown in Figure 2 . The force and stressstrain analysis of the implanted stent/staple is studied by other groups [14] [15] [16] [17] [18] [19] . The present work aims to investigate the performance of the implants, such as the induced stress and displacement, while considering the in vivo conditions and when the implants are made of
• shape memory alloy.
The in vivo conditions are modelled by applying localised forces to the proposed 3D models of the implants. As shown in Figure 2 (a), the length of the proposed stent is 21 mm, the pitch is 3 mm, the inner diameter is 8 mm, and the thickness is 0.3 mm. To simulate the forces of the in vivo environment for the medical stent, the pressure of the vein over the implanted stent is modelled as an Edge load which is applied to the edges of the stent inwardly (toward the '-r' direction in the cylindrical coordinate). Figure 2 (b) shows the designed staple used for the numerical analysis. Similarly, to simulate the conditions of the in vivo environment of the implanted staple, the pressure of the fractured bone on the staple is modelled as an Edge load which is applied to the legs of the staple outwardly from the centre. A parametric analysis varying the Edge load of each implant is carried out. The material properties of the Ni-Ti alloy (Nitinol) for SMA, 316L stainless steel, and Co-Cr alloy are listed in Table 1 . 
Numerical results and discussion
The stent is discretised by means of 22,656 tetrahedral, 14,652 triangular, 3645 edge, and 8 vertex elements. Figure 3 shows the von Mises stress (N/m 2 ) and displacement (µm) distribution of the medical SMA stent. The in vivo condition is modelled through a load of 5 N applied radially and towards the centre of the stent at the temperature of 37°C. As shown in Figure 3(a) , the maximum surface stress is 8.6523 MN/m 2 , while the maximum displacement is about 3.2 mm (Figure 3(b) ). The amount of the stress is in a very good corroboration with previously conducted studies using finite element method [23, 24] . The effect of different materials on the stent performance is investigated by changing the material properties of the 3D model. Figure 4 (a) shows the total stress vs. applied load relation for the SMA stent, 316L stainless steel stent, and Co-Cr stent. As shown in the figure, there is an equal amount of stress for all three materials which is predictable, since the Poisson's ratio of these materials are all equal to 0.3. Figure 4 (b), on the other hand, shows the total displacement for different amounts of applied loads for the SMA stent, 316L stainless steel stent, and Co-Cr stent. The in vivo conditions and the pressure of the vein over the implanted stent are modelled through a radially applied force. A parametric analysis is conducted for different in vivo situations. The force sweep starts at 0.5-5 N. For small amount of forces it can be seen that the SMA and 316L stainless steel have comparable displacement values, while the Co-Cr provides less displacement values. The displacement parameter corresponds to the amount of deformation provided by the implanted stent inside the vein. Therefore, stents made of SMA and 316L stainless steel are preferred to Co-Cr, owing to the considerably better ability to provide more space within the vein. This, in turn, would ease the passage of blood though the vein. Moreover, SMA, and particularly, NiTi have better biocompatibility properties than 316L [25] . The staple is discretised by means of 9541 tetrahedral, 3430 triangular, 536 edge, and 24 vertex elements. , while the maximum displacement is about 55 µm ( Figure 5(b) ). These amount stresses corroborate the previously conducted studies using finite element method [26] . A comparative study is carried out to investigate the effect of materials on the staple performance. The 3D model is consistently used with different materials. A parametric study is performed by varying the in vivo and the fractured bone conditions force from 20 N to 110 N. Figure 6 (a) shows the total stress for different amounts of applied loads in SMA staple, 316L stainless steel staple, and Co-Cr staple. Similar to the numerical results of the medical stents, since these materials have the same Poisson's ratio, we expect to see the same amount of stress for all of the implanted staples with three different materials. Figure 6 (b) shows the total displacement for different amounts of applied loads in SMA staple, 316L stainless steel staple and Co-Cr staple. For large amount of forces, the SMA gives a much higher displacement compared to 316L stainless steel and Co-Cr. This is perfectly justifiable since both the Young's modulus, and density of SMA is much smaller compared to the other two materials, thus yields much more displacement. Moreover, this ability of SMA to provide much more displacement under the same amount of large forces is crucial since they can provide the same amount of displacement under considerably less amount of forces which can result in the acceleration of the healing process while employing SMA (and in particular Nitinol) implants compared to 316L and Co-Cr implants. 
Conclusions
Numerical analysis of medical stent and staple implants and study of their performances, such as induced stress and displacement are carried out for
• stainless steel
• Co-Cr
The numerical analysis uses finite element method while considering the in vivo conditions. A consistent 3D model is employed throughout of the study to comparatively
Finite element analysis of thermally actuated medical stent and staple implants 73 study the effect of implant material. This study models the in vivo conditions by applying a localised edge force to the implants. The results are in good agreement with those reported in the literature. As discussed, among the three commercially available biocompatible materials, SMA shows much better results in terms of providing high displacements while undergoing large forces. The advantage of SMA in providing more displacement is essential in the in vivo environment since it makes it possible for the stent to provide more space in the vein for the blood to go though, and in the case of staple it helps the staple to push the fractured tissues together while using less force, which in turn is more helpful in the acceleration of the healing process. Moreover, the medical SMA stent/staple implants are smart materials which are self-expanding, self-locking and self-compressing. Therefore, using an SMA stent can eliminate the need of using an external balloon for the expansion of the stent when placed inside the vessel. The results of this paper suggests that the SMA seems to be an interesting, and viable candidate for biological applications such as surgical implants.
